ABSTRACT In this paper, a comprehensive analysis of merging behavior on the freeway under different traffic densities has been conducted. First, the influence of traffic density on merging parameters (namely merging position, merging speed, merging duration, and accepted gap) was analyzed by mathematical statistics, Mann-Whitney-U Test, and distribution fitting. It was found that the merging position, merging speed, merging duration, and accepted gap are all significantly influenced by traffic density and the best-fitted distributions of merging parameters could be different under different traffic densities. Then, to incorporate the dynamic effects of traffic density on merging behavior, a cell-based traffic density was introduced in this paper and logistic regression was used to model the gap selection behavior. The results showed that traffic density has a significant influence on gap selection behavior during the merging process. The effects of traffic density in logistic regression showed that merging drivers tend to choose a location with lower traffic density during the gap selection process. Moreover, introducing the cell-based traffic density can also improve the predictive accuracy of the logistic regression model.
I. INTRODUCTION
Nowadays, congestion is a daily returning phenomenon. New infrastructure and better use of existing infrastructure are examples of possible solutions. With the increase of traffic demand, the need for efficient use of the existing infrastructures becomes more and more important. With the powerful ability to capture the complexity of traffic systems, microscopic traffic simulation models have recently drawn great attention in traffic planning, design, and management. Carfollowing and lane-changing models are two of the most significant sub models in microscopic traffic simulation models. A lot of studies have focused on car-following models. However, lane-changing models have not been given much attention [1] - [4] .
Lane changes can be divided into two types: discretionary lane changes and mandatory lane changes. Discretionary lane changes are performed to improve the driving conditions for the driver or for other drivers, while mandatory lane changes are performed by the driver to keep following his/her route [2] . Merging behavior is one of the typical mandatory lane changes when vehicles have to move from an on-ramp
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to the main road. It has been claimed in some studies that merging behaviors in weaving sections heavily affect traffic operations and may even trigger traffic congestions and breakdowns [5] , [6] . Thus, it is important to build accurate merging behavior models in microscopic traffic simulation models to reflect the real traffic.
Recently, the ability of microscopic traffic simulation models to represent reality has raised some doubts due to the ignorance of driver heterogeneity [4] , [7] - [17] . These studies have shown that different drivers behave differently under the same traffic conditions and the same driver may even behave differently under varying traffic conditions. However, the variations of the lane changing behavior under variable traffic conditions have not received much emphasis in the literature. To investigate the influence of traffic conditions on merging behaviors, this study performs a systematic analysis of merging behavior on freeways under different traffic densities. More specifically, this paper aims to achieve the following:
1) Identify significant differences of merging parameters(merging position, merging speed, merging duration and accepted gaps) under different traffic densities; 2) Fit the distributions of merging parameters under different traffic densities;
3) Explore the effects of traffic density on the gap selection behavior during merging process.
The paper is organized as follows. The next section will provide a literature review on the existing studies followed by Section 3, which describes the NGSIM data used in this paper. Section 4 gives a comprehensive analysis of merging parameters under different traffic densities. Section 5 introduces the cell-based traffic density and analyzes the effects of traffic density on gap selection behavior based on logistic regression. Finally, the conclusions and future work are presented in Section 6.
II. LITERATURE REVIEW
Numerous models have been developed to describe drivers' lane changing behaviors [18] - [20] . Among the existing models, most studies have been concerned with the gap acceptance models by determining the critical gap [19] - [23] . Gap acceptance models were initially built to estimate the capacity of unsignalized intersections. In lane changing models, it was assumed that a driver makes a lane change when both the lead and lag gaps in the target lane are larger than the so-called critical gap [24] . The difference between these models is the definition of critical gap. Herman and Weiss [25] assumed an exponential distribution for critical gap, Drew et al. [26] assumed a lognormal distribution, and Miller [27] assumed a normal distribution. Gipps [28] is believed to be the first to use gap acceptance theory to develop a comprehensive framework for the lane-changing model. Although Gipps' model focused on urban driving situations, the same principle has been applied in mandatory lane changing models [29] , [30] and microscopic traffic simulation software [31] - [33] . In these models and software, different definitions of the critical gap have been used. For example, in VISSIM, for a mandatory lane change, the critical gap depends on the acceptable maximum deceleration for the lane changing driver and his putative follower. In CORSIM, ten different driver types can be defined, with variable gap acceptance values [31] . Each gap acceptance decision is independent considering the currently available gap and the personal gap acceptance value. However, all these studies neglect the influence of mainline traffic conditions on gap acceptance. Sarvi and Kuwahara [34] reported that the most prevalent commercial microscopic traffic simulation tools could not reproduce correct traffic behaviors near merge areas under congestion. To overcome the shortcoming, ''forced'' and ''cooperative'' lane changing models were proposed to describe distinctive behaviors of vehicles under congestion [19] , [29] , [35] . Built upon a series of studies [19] , [21] , [36] , a framework for merging behavior with latent plans was introduced by Choudhury et al. [37] . Normal merge, merge with courtesy and forced merge were considered in this framework. However, Marczak et al. [38] pointed out that in this framework only accepted gaps were considered and rejected gaps were ignored, and some of the estimated coefficients in the model were not significant.
Most of these studies focused on the dynamics of surrounding vehicles, however, the influence of ambient traffic conditions on merging parameters was neglected [39] . Bham and Goswami [40] investigated the gap acceptance and critical gaps for mandatory lane changes in congested and uncongested traffic conditions by using data collected from the NGSIM dataset. However, the data were classified into congested and uncongested traffic conditions roughly by the time quantum. CHU [41] analyzed and modeled the data of merging position and merging speed under different traffic conditions on urban expressway. However, the normal distributions used in this paper cannot reflect the real distributions of merging parameters. It needs several seconds for a merging driver to complete a merging maneuver, which is called merging duration. Toledo and Zohar [42] proposed a lognormal distribution model to estimate the lane changing duration and claimed that excluding the lane changing execution could have a significant impact on the accuracy of microscopic traffic simulation. However, the influence of mainline traffic condition was not considered. Wang, et al. [1] also use the lognormal distribution to model the discretionary lane changing durations within different speed ranges. Gurupackiam and Jones [43] investigated the variations in lane changing durations with respect to different traffic flow rates on an urban street and concluded that the lane changing durations did not show any statistical difference between different flow rates. Marczak et al. [38] compared the merging behaviors of two sites and conjectured that the difference between two sites might be caused by the different traffic condition. However, the influence of traffic condition or traffic density was not investigated. Yang et al. [44] conducted a driving simulation study and found that traffic density has significant influence on lane changing and overtaking behaviors. However, this research was not designed for merging behaviors. Yuan et al. [45] investigated the mandatory lane changing behaviors in weaving sections and concluded that peak traffic condition could significantly increase the difficulty of lane change at weaving areas.
A better understanding of the relationship between traffic conditions and the merging behaviors can help develop a more accurate merging model that can reproduce more realistic traffic dynamics [44] . Though some studies tried to use driving simulations to investigate the influence of traffic density on merging behaviors, it cannot reflect the real driving behaviors and these studies cannot connect the microscopic lane changing behaviors with traffic density, which is a macroscopic traffic state parameter. To overcome the deficiency, this paper comprehensively analyzes the influence of traffic density on merging parameters by using the naturally collected vehicle trajectory data and proposes a cell-based traffic density for gap selection process. The results can be incorporated into a microscopic traffic simulation to improve the accuracy and better evaluate the operational performance of merging sections. 
III. DATA PREPARATION
In order to investigate the merging behaviors in the weaving sections, the NGSIM vehicle trajectory data collected on a segment of southbound U.S. Highway 101 (Hollywood Freeway) in Los Angeles, CA are chosen in this paper [46] . The NGSIM data set is a famous open-source data set that was provided by the Federal Highway Administration [46] . The data set was originally collected to build accurate traffic simulation models and has been used in many previous studies for traffic simulation models [1] , [20] , [47] . The real data used in this paper can reflect the natural driving behaviors. [48] . In order to analyze the effects of traffic conditions, traffic density data are collected. We use a similar method to CHU [41] to extract the traffic density information. The merging vehicles are assumed to be influenced by the traffic condition of the adjacent lane of the mainline within the weaving section, which is called ''influenced area'', as shown in Fig. 2 . Traffic density is aggregated according to Equation (1):
where k (veh/lane/km) is the density of influenced area; N is the number of mainline vehicles on the adjacent lane within the influenced area and L (m) is the length of the influenced area.
It must be noted that the density of ''influenced area'' changes during the whole merging process. Thus, we simply use the density when the merging vehicle enters the auxiliary lane and assume it to be constant during the whole merging process [41] .
In our research, we focus on the merging behavior. The NGSIM data set distinguishes the on-ramp, auxiliary lane, and main lane clearly. Thus, it is easy for us to collect the trajectories of 399 merging vehicles. However, previous studies [49] , [50] showed that the original trajectory data seem to contain some noise and errors. Thus, the data set is filtered by the following rules: 1) Filter out the data with motorcycle or heavy vehicle to focus on merging behaviors of cars. 2) Filter out the trajectories if there are vehicles not recorded in the 'influenced area' at the moment when a merging vehicle enters the auxiliary lane. Such trajectories are recorded in about the first 2 minutes of the video that cannot produce accurate traffic density information. Because trajectories are recorded from the beginning to the ending of the section, trajectories of some vehicles are not recorded because they firstly show in the middle of the section at the beginning of the video. 3) Filter out the trajectories if there are vehicles not recorded in the 'influenced area' at the moment when a merging vehicle merges into the mainline. Such trajectories are recorded in about the last 2 minutes of the video that cannot produce accurate traffic density information. Because trajectories of some vehicles are not recorded because they do not reach the end of the section at the end of the video and cannot produce complete trajectories.
After filtering, 370 trajectories are kept. According to HCM 2010 [51] , merging sections can be assessed by level of service (LOS) and LOS is categorized into 6 levels A, B, C, D, E and F depending on traffic density. Considering the available sample size, in this paper, four different traffic density bins are created to cover the range of traffic condition: 0-30veh/km/lane, 30-45veh/km/lane, 45-60veh/km/lane, 60-90veh/km/lane. These four bins can be loosely correlated to different levels of congestion. For example, 0-30veh/km/lane can be considered as free flow condition and 60-90veh/km/lane can be considered as saturated condition. The sample size for each traffic density bin is 123, 98, 106 and 43.
Based on the obtained trajectories, the merging parameters can be obtained. In this paper, merging parameters include merging speed, merging position, merging duration and accepted gap. Detailed trajectory information such as the longitudinal and lateral coordinates, speed, and acceleration and so on for each vehicle can be directly obtained from the data set. For each identified merging vehicle, the merging speed, merging position and accepted gap were collected when the left front corner of the merging vehicle crossed the lane markers (shown in Fig. 3) .
To extract the merging durations, the method used to determine the start and end point of discrepancy lane changes in Wang et al. [1] is used in this paper. First, the discretized lateral velocity was calculated by:
where x i (t) is the lateral position of vehicle i at time t. For each merging vehicle, the start time is taken as the first time when the merging vehicle has the lateral velocity less than −0.2 m/s. And the end time is taken as the first time when the merging vehicle has the lateral velocity larger than −0.2 m/s after crossing the lane line as shown in Fig. 4 .
IV. ANALYSIS OF MERGING PARAMERTERS UNDER DIFFERENT TRAFFIC DENSITIES A. DESCRIPTIVE STATISTICS FOR MERGING PARAMETERS
To see whether the merging parameters differ with the variation of traffic density, we start the analyses by showing the cumulative curves of merging parameters, see under the highest traffic density (60-90veh/km/lane). According to Fig. 5(b) , one can find that with the increase of traffic density, the average merging speed is decreasing and the cumulative curve is as a whole shifted towards the lower speeds and the shapes of the curve are similar for all densities. One can also find from the traffic density is below 60veh/km/lane. The mean and median values of merging position have the biggest values under the highest traffic density. This result is different from previous studies on the urban expressway [41] . But this finding is easy to understand because drivers are more difficult to find acceptable gaps under congestion. Besides, under high traffic density, some merging vehicles may use the auxiliary lane to get to the further downstream as the merging vehicles have higher speeds compared to those of mainline vehicles. The skewness of merging position under the highest density is negative and close to zero, which is also different from those under other traffic densities, indicating the different behavior of merging drivers under the highest traffic density.
It can be observed from TABLE 1 that the mean and median values of merging speed decline with the increase of traffic density, which follows the traffic flow theory. The skewnesses of merging speed under different traffic densities are close to 0, indicating that the distributions of merging speed are symmetrical in shape.
Regarding merging duration, one can find that the mean and median values of merging duration are the smallest under the lowest traffic density and second smallest under the highest traffic density, which is different from the observations on urban arterials in previous studies [43] . It might be because that merging drivers on freeways have higher speeds under low traffic density and use less time to perform merging behavior. However, under the highest traffic density, the merging positions are close to the end of the auxiliary lane, which forces the merging drivers to finish the merging maneuver as soon as possible. The mean and median values of merging duration under 30-45veh/km/lane and 45-60veh/km/lane are very similar.
For accepted gap, one can find that the mean and median values and standard deviations of accepted gap are declining with the increase of traffic density. The skewness has the largest value under the lowest traffic density (0-30veh/km/lane) and the smallest value under the highest traffic density (60-90veh/km/lane). It means the distribution of accepted gap under lowest traffic flow conditions is more skewed towards the right compared to other traffic densities.
B. HYPOTHESIS TEST
To statistically investigate if there are significant differences among the merging parameters under different traffic densities, hypothesis testing is performed in this section.
Normally, the Student's t-Test is used to determine if the means of two data sets are different from each other. However, a Student's t-Test is commonly applied when the test data would follow a normal distribution if the value of a scaling term in the test statistic is known [52] . It has been shown in Section 4 that the distributions of merging parameters do not all follow a Normal distribution. Thus, a Mann-Whitney-U Test, which is a distribution-free test and has been used in previous studies [43] , is performed in this paper. It is assumed in a Mann-Whitney U Test that the populations must be continuous and their probability density functions must have the same shape and spread, which are somewhat less restrictive than the assumptions needed for the Student's t-Test.
The null and alternate hypothesis for Mann-Whitney-U Test is defined as follows:
H0: There is no difference between the median values of merging parameters obtained for different traffic densities.
H1: There is difference between the median values of merging parameters obtained for different traffic densities.
The hypothesis tests are all performed at a 5% significance level. Table 2 shows the results of the Mann-Whitney U Test.
From Table 2 , one can find that the median value of merging position under the highest traffic density (60-90veh/km/lane) is significantly different from those under other traffic densities. However, there are no significant differences among the other three traffic densities. It means more drivers choose to merge late under the highest traffic density. The results of the hypothesis test for merging speed indicate that the median values of the merging speed are significantly different under different traffic densities.
The results of the hypothesis test for merging duration indicate that the median value of the merging duration under the lowest traffic density (0-30veh/km/lane) is significantly smaller than those under median densities (30-45veh/km/lane and 45-60veh/km/lane). This is probably because of the highest speed under the lowest traffic density. One can also find that there are no significant differences among the merging duration under median and highest traffic densities (30-45veh/km/lane, 45-60veh/km/lane and 60-90veh/km/lane).
From Table 2 , one can find that the median values of accepted gap for different traffic densities are all significantly different from each other and have a significant declining trend with the increase of traffic density.
C. BEST FITTED DISTRIBUTIONS
The data collected under different traffic densities are used to find the best corresponding fitting distributions using EasyFit 5.4 [53] . To best investigate the distributions of the merging parameters, 7 distributions (Normal, Log-normal, Student-t, Logistic, Log-Logistic, Gamma and Weibull) are considered for each sample and the Kolmogorov-Smirnov test is used to select the best fitted distribution. The KolmogorovSmirnov Test statistic is defined by the greatest vertical distance at any point between the two cumulative probability distributions. The smaller the Kolmogorov-Smirnov statistic is or the larger the P-value is, the better the distribution can describe the sample. TABLE 3 shows best fitted distributions and corresponding Kolmogorov-Smirnov Test statistics, critical values, and the corresponding P-Values. The probability distributions of each merging parameters under different traffic densities are provided in Fig. 6 .
From TABLE 3 and Fig. 6(a) , one can find that the best fitted distributions of merging positions are all Log-normal and the shapes and parameters are similar when the traffic density is below 60veh/km/lane. However, the best fitted distribution of merging positions under the highest traffic density is much different from those under the other traffic densities. For the highest traffic density, the merging positions VOLUME 7, 2019 are scattered along the auxiliary lane and is best fitted by a Normal distribution. For the other three traffic densities, the fitted distributions of merging positions have peaks in the first 60 meters of the auxiliary lane. In other words, the figures show that most drivers choose to merge as soon as possible when the traffic density is below 60veh/km/lane, while a considerable proportion of drivers choose to merge late under the highest traffic density.
One can find from TABLE 3 and Fig. 6(b) that the best fitted distributions of merging speed are shifted towards the left with the increase of traffic density. The best fitted distributions are Log-normal, Normal, Logistic and Logistic under four traffic densities, respectively. The distributions are obviously more symmetrical than other parameters.
The best fitted distribution of merging duration under the lowest traffic densities (0-30veh/km/lane) is Lognormal, while those under other traffic densities are all Gamma distributions. From Fig. 6(c) and TABLE 3 , one can find that The probability distributions of accepted gaps shown in Fig.6(d) clearly shows a shift towards the left in the peak probability and have heavier kurtosis with the increase of traffic density, indicating that there are more drivers accepting smaller gaps under higher traffic density.
V. LOGISTIC REGRESSION FOR MERGING BEHAVIOR CONSIDERING DYNAMIC TRAFFIC DENSITY A. LOGISTIC REGRESSION
It has been pointed by Marczak et al. [38] that the rejection of gaps cannot be ignored in building merging models, as the length of some rejected gaps might be bigger than the length of the gap that the driver will finally chose to insert into. To include the rejected gaps, generalized linear regression could be used to quantify the influencing factors on the probability whether drivers accept or reject a certain gap [38] . y i n is the choice of the merging vehicle driver n for i th offered gap. The merging behavior model can be expressed by [54] , [55] :
where P i n is the probability that driver n accepts the i th offered gap; NP i n is the probability that driver n rejects the i th offered gap; x j (j = 1 · · · J ) representd the explanatory variables; α is the constant and β j (j = 1 · · · J ) are the parameters to be estimated.
Compared to the gap acceptance model with critical gaps, the logistic regression model has several advantages: 1) The use of the logistic regression model does not imply any prior knowledge about the shape of the data distribution; 2) It is easy to perform numerical implementation; 3) Wald-test can be applied to evaluate the quality of the regression [38] .
B. CELL-BASED TRAFFIC DENSITY
From the comprehensive analysis in Section 4, it can be concluded that the traffic density has a significant influence on merging behaviors. However, it is assumed that the traffic density stays static during the merging process in Section 4, which is different from the real conditions. Thus, a cell-based traffic density is introduced in this section. A similar method to Laval and Daganzo [56] is used to extract the traffic density information by using fixed-size cells to represent surrounding traffic conditions. The weaving section is segmented into N sections (cells) with equal length (see Fig.7 ). As described in Park et al. [57] , the cell length should be set as the freeflow moving distance of vehicles during 1.5 seconds, which is the driver's perception-reaction time [58] . The free-flow speed is set at 60 mph. Thus, the cell length should be set at 40 m. For simplicity, the auxiliary lane and adjacent lane of US-101 was segmented into 5 cells with the same length of 42.4m (see Fig. 7 ). The incorporation of cell-based traffic density could reflect the dynamic influence of traffic density on merging behaviors.
In every time interval, traffic density within each cell is aggregated according to Equation (6):
where k cell (veh/lane/km) is density of influencing cell; N cell is number of mainline vehicles on the adjacent lane within the influencing cell and L cell (m) is the length of a cell. At every instant when offered a new gap, a merging vehicle driver assesses traffic conditions to decide whether accepts the offered gap or not. The explanatory variables that may affect a driver's merging decision used as candidates for building the merging behavior model are shown in Table 4 .
The speed and position of each vehicle are identified as soon as the vehicle involves a new adjacent gap, which is assumed to be the decision point of lane changing vehicles. A single driver could participate in several non-merge events but could only participate in one merge event.
C. RESULTS AND DISCUSSIONS
To select the effective variables, the backward elimination method is adopted in this paper. It starts with all candidate variables and tests the deletion of each variable using Waldstatistics that can reflect if the variable gives a significant contribution to the model. This method will delete the variable with the most insignificant Wald-statistic at 95% level and repeat this process until all variables' coefficients are significant at 95% level. The results of the estimation of the coefficients in the logistic regression are presented in studies [37] , [38] , the increase of gap size, a gap located further towards the end of the auxiliary lane and the decrease of speed difference between merging vehicle and putative leading vehicle will increase the probability of accepting the current gap. It is interesting to find that D i n lg , V i n Lead and k i n are included in the model. The negative sign of the coefficient of k i n suggests that drivers are more likely to accept the gaps under lower traffic density conditions. The sign of the coefficient of D i n lg is positive, suggesting that space in the auxiliary lane also affects the merging behaviors and a merging vehicle has a higher probability of accepting a gap when there is more space in front of the merging vehicle. Another interesting finding is that the sign of the coefficient of V i n Lead is negative, suggesting that drivers are more likely to delay merge when the leading vehicle moves too fast. One possible reason for this result might be that when the leading vehicles move faster in the auxiliary lane, the merging drivers are provided more space in the auxiliary lane and they are using the auxiliary lane to reach the further downstream in the main lane.
To show the improvement of the introducing of cell-based traffic density, TABLE 7 shows the predictive power of the logistic regression with and without the cell-based traffic density. It can be found in TABLE 7 that the introducing of cell-based traffic density improves the predictive accuracy from 81.1% to 84.2%, which means the introducing of traffic density can better explain the gap selection behavior during merging process.
VI. CONCLUSIONS
Based on the NGSIM data, a comprehensive analysis of merge behavior on freeway under different traffic densities is conducted in this paper. The influence of traffic density on merging parameters is analyzed by mathematical statistics, Mann-Whitney-U Test and distribution fitting. It is found that the merge position, merge speed, merge duration and accepted gap are all significantly influenced by traffic density and the best fitted distributions of merging parameters could be different under different traffic densities. To incorporate the dynamic effects of traffic density on merging behaviors, a cell-based traffic density is introduced in this paper and logistic regression is used to model the influencing factors on the probability whether drivers accept or reject a certain gap. The results indicate that traffic density has significant influence on gap selection behavior during merging process. The effects of traffic density in logistic regression showed that merging drivers tend to choose a location with lower traffic density during gap selection process. Moreover, introducing the cell-based traffic density can also improve the predictive accuracy of the logistic regression model.
The above results are important for modeling the merging behavior in microscopic traffic simulation models. It has been proved in this study that the traffic density has a great influence on the freeway merging behaviors. The results obtained in this paper can be used to enhance the accuracy of merge behavior models in microscopic simulation software. However, the data were collected at only one on-ramp, which limites the generalization of the results. In the future, more data will be collected at different sites and the influence of traffic density and other factors on merging behaviors will be studied.
